Gap Junction Proteins
Where They Live and How They Die David C. Spray G ap junction channels are unique. No other channel in vertebrates provides an enclosed conduit for direct diffusional exchange of ions and small molecules between cells, and few other membrane channels have pore diameters large enough to accommodate passage of metabolites and signaling molecules with molecular weights as high as 1000 Da. Moreover, as addressed in two articles in this issue of Circulation Research, gap junctions are formed by proteins with unusually rapid turnover times 1 and extremely flexible expression patterns. 2 The connexin proteins that form gap junction channels are encoded by a gene family with at least 14 members in rodents. Each connexin protein has four transmembrane domains, one intracellular and two extracellular loops, and cytoplasmically located carboxyl and amino termini. Six connexin molecules, most likely arranged so that their third transmembrane domains line the channel lumen, comprise the hemichannels or connexons that are contributed by each cell of the coupled pair. Complete gap junction channels, with connexons docked across the gap of extracellular space by interactions of the extracellular loops, are commonly found clustered together, forming islands of particles or pits in freeze-fractured preparations, linearly apposed but slightly separated membranes in thin-section electron micrographs and macular regions of intercellular immunostaining with gap junction antibodies.
Remarkably, in studies first performed on rat liver in vivo 3, 4 and subsequently in cardiac myocytes and hepatocytes and cell lines in culture, 5-8 the turnover times for connexin molecules have been found to be very short. The article by Beardslee et al 1 provides direct evidence for rapid turnover dynamics of connexin43 (Cx43) in cardiac tissue, using [ 35 S]methionine added to Langendorff-perfused rat hearts. In these experiments, the measured decay of radioactivity in immunoprecipitated Cx43 was monoexponential, which was best fit by a half-life of only 1.3 hours. This finding is significant in several respects. First, it extends in vitro observations on cultured myocytes and cell lines, in which intracellular distribution and processing of connexins might not be exactly the same as in vivo, to cardiac tissue and shows that half-life measurements on Cx43 from both preparations are similar. Second, the monoexponential decay of incorporated radioactivity in immunoprecipitated Cx43 implies the absence of a significant pool of longer-lived proteins. Finally, this finding indicates that at every interface between myocytes in the heart, the proteins forming gap junction channels are completely exchanged several times every day.
The rapid turnover of gap junction proteins raises the tantalizing possibility that remodeling of communication compartments might occur over a short period of time and also stresses the importance of understanding the intracellular trafficking events that occur during this time frame. What are the membrane folding and protein modifications that occur during the brief life of a connexin molecule, and how much of the lifetime is spent in transit compared with time functioning as an intercellular channel? Recent work by several laboratories has begun to address these issues, and although precise residence times of connexins in each of the subcellular compartments are still not well established, the general features of the connexin trafficking pathways and posttranslational processing are becoming clearer.
Connexin32 (Cx32) and Cx43 appear to be cotranslationally inserted into the endoplasmic reticulum (ER) membrane, whereas there is evidence that connexin 26 (Cx26) insertion may be cotranslational or posttranslational. 6,8 -10 Fatty acid acylation of Cx32 and Cx26 has been reported to be an early posttranslational processing event that appears to occur near the time of protein folding into the membrane 9 ; whether Cx43 undergoes similar modification remains to be determined. Recent studies on Cx43 and Cx32 10,11 using in vitro translation in pancreatic microsomes indicate that the initial membrane folding event is rather fragile, with a tendency for proteolytic cleavage of the first membrane-spanning domain (TM1). Whether protein chaperones or cotranslational protein modifications stabilize the burial of TM1 within the plasma membrane in whole cells also remains to be determined.
Newly synthesized connexins apparently remain as independent monomers as they begin their voyage along the secretory transport route from the ER to the Golgi apparatus. Just where it is that the connexins coalesce into connexons is unclear, although recent evidence favors a more proximal site, near the ER-Golgi transition 9, 10 rather than the distal trans-Golgi region as originally suggested. 12 A curiosity is how the connexins can remain monomeric during their journey and why, once connexons form, they do not pair with contiguous connexons in apposed intracellular membranes. Indeed, in transfected cells overexpressing Cx43, such junctional structures are observed in intracellular membranes, and it is hypothesized that chaperone proteins, in low enough abundance to be saturable by connexin overexpression, may perform this function in normal cells. 13 Movement of connexons from the distal Golgi to the junctional membrane remains mysterious. An unanswered question is whether delivery is random to anywhere on the cell surface, followed by diffusion until trapped by high affinity binding to an apposing hemichannel, or whether connexons are targeted to junctional plaques. The recent finding that a PDZ domain of the tight junction-associated protein ZO-1 binds the carboxyl terminus of Cx43 and links it to the cytoskeletal protein spectrin at intercalated disks of cardiac myocytes 14, 15 now allows models to be constructed and tested to determine whether scaffolds associated with gap junction proteins generate the forces that aggregate junctional channels, direct their insertion or retrieval, or juxtapose modulatory molecules at the mouths of the junctional channels.
Connexins undergo other types of posttranslational modification, including phosphorylation and ubiquitination. 8 Where these modifications occur is not entirely clear, although Cx43 can be phosphorylated while in junctional plaques, and phosphorylation has been suggested to facilitate channel formation. 16 Whether such modifications as phosphorylation/dephosphorylation and ubiquitin incorporation into Cx43 provide binding sites for retrieval of connexin proteins from the membrane and ultimate degradation is unknown. In the article by Beardslee et al, 1 they report that selective pharmacological blockade of either lysosomal or proteasomal routes of degradation results in accumulation of junctional Cx43, indicating that both pathways normally contribute. An intriguing aspect of this study is that proteasomal inhibition caused accumulation of dephosphorylated Cx43, whereas treatment with lysosomal inhibitors increased the amount of phosphorylated Cx43 remaining in junctional membranes, suggesting that phosphorylation state might provide one signal to direct the degradation pathway. It remains to be determined whether such differential breakdown might be responsible for foreshortened half-lives reported for connexin45 mutants lacking phosphorylatable serine residues. 17 Internalized annular gap junctions have been detected in dissociated cells 18 -20 and more rarely in cells maintained in culture (eg, see Reference 21) , and it has been suggested that one cell may degrade both the connexins in its own connexons and those phagocytosed from the neighboring cell. 22 A sequential contribution of proteasomal and lysosomal degradation pathways might allow such internalization and gap junction breakdown. Consistent with such a possibility, Laing et al 7 reported that in Chinese hamster ovary and heartderived BWEM cells, Cx43 remained at the surface when the proteasome was inhibited but appeared in intracellular vesicles when the proteasome pathway was blocked.
The rapid turnover dynamics of gap junction channels implies that gap junction-mediated circuitry in tissues might be a dynamic process that responds to local demands. The first example of a tissue in which gap junction expression was shown to undergo rapid changes was the pregnant myometrium, 23 in which Cx43 expression is now known to be transcriptionally upregulated at the time of labor, 24 presumably acting to coordinate and thereby intensify the contractions of the uterus.
The vessel wall is an organ that undergoes both physiological and pathological changes in response to mechanical stresses and on exposure to hormonal stimuli. Vascular tissue consists of two communication compartments: smooth muscle, which predominantly expresses Cx43 (eg, see Reference 25) , and endothelial cells, which Gabriels and Paul 2 show, in undisturbed aorta, express predominantly connexin40, somewhat less Cx37, and little or no Cx43. In culture, regulation of connexin expression by vascular smooth muscle and endothelial cells has been evaluated with regard to a variety of stimuli. For example, smooth muscle cells were recently shown to respond to 20% static stretch with upregulation of Cx43 and its mRNA within hours after application. 26 Cultured endothelial cells have been shown to upregulate Cx43 in response to wounding, 27, 28 application of shear stress, 26 and after treatment with transforming growth factor-␤ 29 and basic fibroblast growth factor, 30 whereas expression of Cx43 has been reported to decrease in response to epidermal growth factor 31 and tumor necrosis factor-␣. 32 It is interesting that in the few studies that have either measured transcription directly or evaluated mRNA stability through treatment with cycloheximide, the endothelial changes have been ascribed to altered mRNA stability (eg, see References 27, 28, and 33) , whereas the changes in smooth muscle have been shown to be transcriptional. 26 Comparably fewer in vivo studies have been performed to evaluate effects of vascular manipulations on connexin expression, although the findings in arterial smooth muscle cells have been striking: Cx43 expression was shown to be increased in several hypertensive models 34, 35 and after balloon injury, 36 whereas reduced Cx43 expression resulted from hypercholesterolemia-induced atherosclerosis. 37 Gabriels and Paul 2 report that Cx43 is virtually absent in most regions of rodent aortic endothelium, except at sites in which branching or flow division is expected to create high turbulence, and that Cx43 expression is reciprocally related to that of Cx37. These observations may explain in part the anatomical finding that the shapes of the gap junctions arrays connecting endothelial cells in regions of vascular turbulence are different than in regions with laminar flow, 38, 39 and the involvement of a shear-stress induced transduction mechanism might also relate to the reported high Cx43 expression in cardiac tissue below the mitral valve. 40 Gabriels and Paul 2 additionally report that Cx43 expression is dramatically induced in the coarcted region at 8 days after application of ligation or a silicone cuff. This is a remarkable finding that suggests a mechanism by which myoendothelial communication might be either established or intensified at regions of altered flow. Likely consequences of such changes in connexin expression might include altered vasomotor tone or vascular reactivity as a compensation or maladaptation to such injury.
The rapid dynamics of gap junction turnover and the plasticity of gap junction expression in response to various stimuli offer the possibility for remodeling of the intercellular circuits both within and between communication compartments in the cardiovascular system. In the heart, such remodeling could exaggerate conduction discontinuities due to tissue anisotropy and thus be arrhythmogenic, 41 and in the vessel wall, such altered expression may allow intercompartmental signaling that is otherwise forbidden by the lack of heterotypic junction formation by the connexins normally expressed by smooth muscle and endothelial cells. 42 The next step to follow in understanding the remodeling of gap junction-mediated circuits of intercellular signaling will require the identification of cis-acting elements and transacting factors responsible for the altered expression of the connexin genes in response to environmental stimuli. Although surprisingly few studies thus far have addressed these control mechanisms (eg, see Reference 24) , reports such as that of Gabriels and Paul 2 will likely stimulate additional studies, leading not only to increased understanding of connexin gene regulation but also to strategies by which expression patterns might be therapeutically manipulated.
